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Abstract 
X-rays (30 kV and 15 mA) generated using an X-ray diffractometer (Rigaku MiniFlex II) were detected as a fluorescence image 
using the UV-absorber-doped CR-39 when the X-ray dose exceeded 1 Gy. The fluorescence image was easily obtained using an 
FLA-9000 image analyzer. The excitation wavelength dependence of fluorescence intensity was observed, and the optimal 
excitation wavelength in the imager for obtaining the highest fluorescence intensity was 555 nm. X-ray irradiation of the UV-
absorber-doped CR-39 generates fluorescence centers by charge separation. Therefore, to stabilize the fluorescence image, we 
attempted to prevent the recombination of the electrons and positive holes generated by X-ray irradiation by doping 
methylviologen MV2+ encapsulated in silica nanocapsules into CR-39 during its synthesis. It was found that the fluorescence 
intensity of the image remained constant for almost 120 min when more than 0.5 g of MV2+ encapsulated in nanocapsules were 
doped in CR-39. A new solid-state fluorescence detector for X-rays was thus realized using CR-39 doped with MV2+ 
encapsulated in silica nanocapsules. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 26ICNTS. 
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1. Introduction 
A solid-state nuclear track detector detects neutrons and ߙ–particles as a nuclear track on a plastic plate. The 
plastic plate is made of polymer such as polyallyldiglycol carbonate (PADC or CR-39), and a PADC track reader 
system is required. CR-39 (PNTD) is a solid-state nuclear track detector, and a nuclear track has been visualized 
using an optical microscope after etching an irradiated CR-39 with an alkali solution by Hulber (2009). Therefore, 
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dose cannot be measured without chemical etching. Therefore, improvement of the fluorescence detection property 
of CR-39 for fluorescence imaging was attempted. In this study, the synthesis of CR-39 was modified by adjusting 
the contents of the UV absorber, a polymerization initiator, and MV2+ encapsulated in silica nanocapsules. X-ray-
induced fluorescence centers (electron and hole trapping sites) generated in them were investigated and discussed on 
the basis of the obtained fluorescence images, ESR profiles, and polarizing plates. 
2. Methods 
2.1. Reagents 
Tetrachloroaurate, sodium citrate, LUDOX HS-40 silica nanoparticle aqueous dispersion (12 nm in size), and 3-
aminoorthosilicate (APS) were purchased from Aldrich-Sigma Co., Ltd. Methylviologen and sodium silicate 
solution (28 wt% SiO2) were purchased from Wako Chemicals Co., Ltd. A UV absorber, U101, was purchased from 
Harima Kasei Co., Ltd. Double-distilled water was prepared using RO Systems (Thermoscientific Co., Ltd.). 
2.2. Preparation of CR-39 with UV dopant and silica nanocapsules of MV2+ encapsulated in nanocapsules 
CR-39 was prepared at SUN•LUX Optical Co., Ltd. in Fukui Prefecture as follows. A monomer, 
polydiethyleneglycorbisallylcarbonate (PEDC) or allylglycorcarbonate (ADC), was mixed with isopropylpalmitate 
(IPP) as a catalyst and a UV absorber (e. g., U101) and then evaporated. Then, polymerization was performed at a 
high temperature and the CR-39 disc was divided into eight equal sections for this study. When CR-39 was 
polymerized, silica nanocapsules (@ SiO2) or MV2+ encapsulated in silica nanocapsules (MV2+ @ SiO2) alcohol 
dispersion was added and silica nanocapsules containing CR-39 were prepared. Those nanocapsules were prepared 
using a core-shell method by Makarova et al. (1998). 
2.3. X-ray irradiation of CR-39 plates and their imaging analysis 
X-ray irradiation was performed at 30 kV and 15 mA using MiniFlex II (Rigaku Co., Ltd.). The dose was 
measured using a RAD Triage plate (JP Labs Co., Ltd.) in front of a slit at the same position of the CR-39 plate at 
various irradiation durations. A fluorescence image of X-ray-irradiated CR-39 was observed with an FLA-9000 
(Fuji Film Co., Ltd.) imager using a 555 nm excitation light. Then, fluorescence intensity was measured using Image 
J software for each X-ray irradiated CR-39. The obtained intensity was subtracted by that in non-X-ray irradiated 
part and the result presented as οfluorescence intensity in this study. Electron spin resonance (ESR) measurement of 
the X-ray-irradiated CR-39 plate (1h2 cm2, 1 mm thickness) was performed using an ESR spectrometer (Bruker 
Co., Ltd.). 
3. Results and Discussion 
3.1. Fluorescence property of X-ray-irradiated CR-39 
A fluorescence image of X-ray-irradiated CR-39 (SiO2, 1 g) and its 3D image are shown in Figs. 1(a) and 1(b), 
respectively. A black band was clearly observed, as shown in Fig. 1(a), and the intensity related to X-ray energy was 
maximum at the center of the band, as shown in Fig. 1(b). Electron and hole trapping sites formed an image of a 
nuclear track, as shown in Fig. 1(a), indicating that CR-39 containing the UV absorber could be used as a dosimeter 
without NaOH etching. 
Figure 2 shows fluorescence intensity at 555 nm excitation using FLA-9000 equipment when 10, 20, 30, and 60 
min X-ray irradiations were performed. The fluorescence intensity of the image was also proportional to the 
irradiation time until 30 min, as shown in Fig. 2, and it saturated from 30 to 60 min, indicating that it depended on 
the concentration of the electron and hole trapping sites in CR-39. This phenomenon was similar to optically 
stimulated luminescence (OSL) by Guidelli et al. (2014), as observed in an imaging plate (IP). That is, the X-ray 
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energy was accumulated in CR-39 as the electron and hole trapping sites; then, low-energy light was stimulated 
there, and the accumulated energy was emitted as visible light. 
 
              
   
3.2. Stability of fluorescence on X-ray-irradiated CR-39 
Figure 3(a) shows the behavior of fluorescence intensity within 10 min of X-ray irradiation (8 Gy).  At more than 
1 min, the fluorescence intensity increased. To confirm that electron and hole trapping sites were generated, their 
ESR spectra were measured, as shown in Fig. 3(b). After 10 min of irradiation, a peak was clearly observed and its 
peak height was about 3500, and g=2.0024. It was found that the electron and hole trapping sites were composed of 
trapped electrons.  
 
Fig. 3. (a)  Plot of fluorescence intensity (۵) obtained from fluorescence image and peak height (Ƹ) obtained from ESR spectrum as a 
function of X-ray irradiation time. (b) ESR spectra of X-ray-irradiated CR-39.   Irradiation times were 0.5, 1, 2 (1.6 Gy), 5, and 10 min (8 Gy). 
Fig. 1. (a) Fluorescence image of X-ray-irradiated CR-39. The 
excitation wavelength was 555 nm for evaluation using the FLA-
9000 imaging analyzer.  The X-rays used were 30 kV and 15 mA 
in the Rigaku MiniFlexII X-ray equipment.  X-ray irradiation 
time: 60 min (about 48 Gy)(b) 3D color image of Fig. 1(a) 
obtained using Image J software. 
Fig. 2. Plot of fluorescence intensity obtained from 
fluorescence image as a function of X-ray irradiation time for X-
ray-irradiated CR-39.  The excitation wavelength was 555 nm for 
evaluation using the FLA-9000   imaging analyzer.  The X-ray 
used was 30 kV and 15 mA in the Rigaku MiniFlexII X-ray 
equipment.  X-ray irradiation time: 30 min (about 24  Gy) 
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Figure 4(a) shows the normalized intensity of X-ray-irradiated CR-39 without silica nanocapsules and with Au @ 
SiO2, @SiO2, and MV2+ @ SiO2 as a function of standing time. CR-39 itself decreased in fluorescence intensity by 
about 30% at 110 min.   The addition of silica nanoparticles improved the stability by almost twofold while keeping 
the electron and hole tapping sites.  The silica nanoparticles enhanced the charge separation in CR-39.   Another 
idea was to capture the electrons generated by the charge separation using silica nanocapsules.   In the case of silica 
nanocapsules, the stability after X-ray irradiation improved considerably, but still the fluorescence intensity 
decreased by about 20%.  Figure 4(b) shows the dependence of the content of MV2+ @ SiO2 on the stability of 
fluorescence images after X-ray irradiation.   It was found that MV2+ @ SiO2 contents of 0.5 and 1.0 g provided the 
most stable fluorescence images.   That is, methylviologen was useful for capturing electrons to prevent charge 
recombination.  
Fig. 4. (a) Normalized intensity of X-ray-irradiated CR-39 without silica  nanocapsules (ۍ) and with Au @ SiO2 (ƶ), @SiO2 (Ƹ), and MV2+ @ 
SiO2 (۵) as a function of standing time. X-ray irradiation time: 10 min (about 8 Gy), (b) Normalized intensity of X-ray-irradiated CR-39 doped 
with 0.2 (ƺ), 0.3  (Ƹ), 0.5  (ƶ), 1  (۵), or 2g (h) of MV2+@SiO2 as a function of standing time. X-ray irradiation time: 10 min (about 8 Gy) 
4. Conclusion 
An X-ray-induced fluorescence image was firstly observed by controlling the amounts of the UV dopant and 
polymerization initiator in the synthesis of CR-39. The minimum dose was 1.6 Gy. The electron and hole trapping 
sites were generated by charge separation and indicated ESR signal at g=2.0024.  The fluorescence image was not 
stable and disappeared within 60 min owing to charge recombination. The fluorescence image was stabilized by 
adding an electron acceptor (methylviologen) encapsulated in silica nanocapsules into CR-39. The methylviologen 
encapsulated in silica nanocapsules prevented charge recombination. 
References 
Guidelli, E. J., Ramos, A. P., Baffa, O., 2014. Optically stimulated luminescence under plasmon resonance conditions enhances X-ray detection, 
Plasmonics 9, 1049-1056. 
Hulber, E., 2009. Overview of PADC nuclear track readers. Recent trends and solutions, Radiat. Meas., 44, 821-825. 
Makarova, O. V., Ostafin, A. E., Miyoshi, H., Norris, J. R. Jr., 1999. Adsorption and encapsulation of fluorescent probes in nanoparticles. J. Phys. 
Chem. B 103, 9080-9084. 
 
